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Neutrinoless double f (Ovff) decay

d u
e Ovpp decay is a hypothetical process:

n'n’ - ptpte~e,

which, if observed, would:

> Violate lepton number (really B — L). d U

Above: quark-level process inducing Ovff decay.

> Show that neutrinos are Majorana particles.
e Experiments looking for Ouvpf decay in heavy nuclei (i.e. °Ge, °°Xe).
> Cannot directly compute matrix elements (MEs) in these nuclei with LQCD.

> Instead, use LQCD to compute inputs to EFT in the form of low-energy
constants (LECs), and use EFT to study nuclear Ovff decay.
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Ovff decay mechanisms

* Models are characterized by whether the decay is

induced by non-local interactions (long-distance)

or local interactions (short-distance).
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Ovff decay mechanisms

* Models are characterized by whether the decay is

induced by non-local interactions (long-distance)

or local interactions (short-distance).

Light Majorana exchange

d ; ! “long-distance”
%4 . e /
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Heavy neutrino exchange

Ovff decay mechanisms I

* Models are characterized by whether the decay is g
induced by non-local interactions (long-distance) W
or local interactions (short-distance). d —»——f‘—{:

“short-distance”
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Heavy neutrino exchange

Ovff decay mechanisms R A

* Models are characterized by whether the decay is g
induced by non-local interactions (long-distance) Wi e
or local interactions (short-distance). d _,_.4_':‘: U
Integrate out heavy modes
d u

QAR

CH

“short-distance” d U

G2
SD _ F
SZODW — A Z c;C.H.

Patrick Oare, MIT A; v = scale of lepton-number violation 3




Ovff decay mechanisms

* Models are characterized by whether the decay is

induced by non-local interactions (long-distance)

or local interactions (short-distance).

ALNV
“long-distance”
Npay > 1TeV
A yy = 1 TeV
“short-distance” 1 TeV

Patrick Oare, MIT A; v = scale of lepton-number violation



Lattice setup

e One ensemble = no continuum, infinite-volume, or chiral extrapolation.
 This ensemble uses the following discretizations and parameters:
> Gauge field: Liischer-Weisz, O(a) improved action.

> Fermions: n, = 3 degenerate light quarks, Wilson-Clover action.

L T p amg  a (fm) my (MeV)  neg
32 48 6.1 -0.2450 0.145 300 12,139
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.87.034506

o o O,,,,= dineutron interpolator
Two-point functions

e Two-point functions computed with wall source

and point sink. U

Wall source Point sink
>

time

Co(t) = ) (Opp(x,£)0},(0))

X
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TW o t f t o O,,,,= dineutron interpolator
O-pOln UI1CUI1O0I1S O,, = diproton interpolator
e Two-point functions computed with wall source

and point sink. U

B Wall-Point
2.81 | Fit avg.
am,, = 2.393(4)

2.4 o O %3
) o R Wall source Point sink
- * time "

2.0 ’ Tl

1.8 ¢ " Co(t) = Z<Opp(xa t)Oz];p(O»

1.6- ) X

0 5 10 15 20
t
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Long-distance Ovf/f decay

e Induced by light Majorana neutrino exchange.
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Long-distance Ovff decay I "

e Induced by light Majorana neutrino exchange.

e Long-distance ME MY expressed in terms of the S %l ( Z

electroweak Hamiltonian #Z'y, = 2\/5 GV, (ey'Pv,)J,.

MOV — / d4x d4y <pp€€‘T{Hw($)HW (y)}‘nn> Charged current, J, = iy, d;
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Long-distance Ovff decay I "

e Induced by light Majorana neutrino exchange.

e Long-distance ME MY expressed in terms of the S %l { Z

electroweak Hamiltonian #Z'y, = 2\/5 GV, (ey'Pv,)J,.
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Lepton tensor I',g = ey, LPryse Neutrino propagator
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Long-distance Ovff/ decay I "

e Induced by light Majorana neutrino exchange.

e Long-distance ME MY expressed in terms of the S %l { Z

electroweak Hamiltonian #Z'y, = 2\/5 GV, (ey'Pv,)J,.

MOV — / d4x d4y <pp66|T{HW(x)HW(y)}\nn> Charged current, J, = iy, d;

xcmiy [ dad'yTag S, (o~ y)ppIT{Ta(x) Jo(y) Han)

AN

Lepton tensor I',g = ey, LPryse Neutrino propagator

e Extracting M"Y on the lattice requires computing the following 4-point function:
Ca(tsmics o ty, 0) = Y Sy (@ = y)T s (Opp (tsnic) Ja () J5(4) O, (0))
X,y
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Four-point function

Ca(t Snkvtwvtyvo ZS L= Opp(tsnk)Ja($)J5(y)0;rm(o>>

d Jﬂ(y) L "’

‘ | ’ U ’
Wall SOint sink
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Four-point function :

Ciltanics o 1y, 0) = 3 8u(x — Y)Tas(Opp(tanic) Ju () T3 (4) O, (0))

Uu

ASrc Asmk

Patrick Oare, MIT tank 7



o o "T—_P—
Extracting M (Summation method) i

e Consider the following summed correlator ratio:

lonk — Asnk lsnk — ASnk
Cu(tenk,ts, ty, 0O
S4 (tsnk; Asra Asnk) Z Z ( é (t = )y )
te=Agrc ty:AsrC 2\Psnk

Patrick Oare, MIT Phys. Rev. D 86 (2012) 074502. Nucl. Phys. B 293 (1987) 420. 8
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Extracting M" (Summation method)

e Consider the following summed correlator ratio:

lsnk — Asnk lsnk — ASnk
Cu(tenk,ts, ty, 0O
S4 (tsnk; Asrm Asnk) Z Z ( é (t ~ )y )
te =Agre ty:Asrc 2\Psnk

Ov
O<<tsn _Asrc_Asn <<T M . L L
a a S const. I tSIlk _I_ const. X e 6E(tsnk Agnk Asrc)

Zmpp

Patrick O&I’G, MIT Phys. Rev. D 86 (2012) 074502. Nucl. Phys. B 293 (1987) 420. 8
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Extracting M" (Summation method)

e Consider the following summed correlator ratio:

lsnk — Asnk bsnk — ASnk
04(tsnk t:): t O)
Sa(tsnk; Dsres Dsnk) = R
S ST C ST . —E:Asrc y _EA:S]CC 02 (tsnk)

Ov
O<<tsn _Asrc_Asn <<T M — — —_
a < > const. tenk + const. X e O E (tsnk— Asnk —Asrc)

/ Mpp

Desired matrix element is « the slope vs. 7, at large operator separation v.
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Extracting M" (Summation method)

e Consider the following summed correlator ratio:

lsnk — Asnk bsnk — ASnk
04(tsnk t:c t O)
Sa(tsnk; Dsres Dsnk) = R
S ST C ST . —E:ASTC y _EA:S]CC 02 (tsnk)

Ov
O<<tsn _Asrc_Asn <<T M — — —_
a < > const. tenk + const. X e O E (tsnk— Asnk —Asrc)

/ Mpp

Desired matrix element is « the slope vs. 7, at large operator separation v.

e We fit the data against two models in the operator separation v, and extract
MY as 2m,,B:

1. fit; A, A ) =A+ By + Ce™,
2. fit; Ay, Ayy) = A+ By.

Patrick O&I’G, MIT Phys. Rev. D 86 (2012) 074502. Nucl. Phys. B 293 (1987) 420. 8
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Summed correlator ratio S,

10
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Summed correlator ratio S,

Fit procedure
For each (A, A, ) and model, tl

STC?

data is fit over 9 windows [vy, v,],
with V1 = {2,3,4} and Vr & {8,9,10}

8 10
U = tsnk — ASrc — ASnk
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Summed correlator ratio S,

Fit procedure
For each (A

STC?

A.,) and model, tt

data is fit over 9 windows [v;, v,

Y

with V1 = {2,3,4} and Vr & {8,9,10}

0 ‘® . :
+~ 0.05 e, \ Fit band = linear part of
< e0ge the average over all fit
vp 0.001 **° | windows and models.
2 4 6 3 10

Patrick Oare, MIT

U = tsnk — Asrc — Asnk




|Preliminary| Long-distance results

e Conversion to GeV yields the preliminary result:
M%| = 0.3(X) GeV? /N\
> Uncertainties (X) still being quantified.
> Consistent with other fitting methods.
> Expecting errors ~ 15 — 20%.

Patrick Oare, MIT

p=
e
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|Preliminary| Long-distance results

e Conversion to GeV yields the preliminary result:
M%| = 0.3(X) GeV? /N\
> Uncertainties (X) still being quantified.
> Consistent with other fitting methods.

> Expecting errors ~ 15 — 20%.
e Matching to pionless EFT (#EFT) to extract the low-energy constant g’ is in

progress. This matching proceeds as follows:

1. Compute the long-distance amplitude in #EFT as a function of gV,

2. Match the #EFT amplitude between finite and infinite volume.

Patrick Oare, MIT
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|Preliminary| Long-distance results

e Conversion to GeV yields the preliminary result:
M| =0.3(X) GeV? /N\
> Uncertainties (X) still being quantified.
> Consistent with other fitting methods.
> Expecting errors ~ 15 — 20%.

e Matching to pionless EFT (#EFT) to extract the low-energy constant g’ is in

progress. This matching proceeds as follows:

1. Compute the long-distance amplitude in #EFT as a function of gV,

2. Match the #EFT amplitude between finite and infinite volume.

\ Debate as to whether or not the dineutron is bound at m, = 806 MeV.
Patrick Oare, MIT
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Short distance Ovff decay ! ’

QAR

e Hadronic operator basis { H;} mediating the decay at LO

splits into five scalar operators {(J:} and four vector

operators {1, }: d i
Scalar operators Vector operators
= (uy" Prd)[uy, Prd| = (" Prd)[uPrd] + (L <> R)
01/ = (uvy" Prd]|uvy, Prd) = (ut*y"Prd)[ut®Prd] + (L <> R)
= (uPrd)[uPrd] + (L ++ R) V“ = (uy* Prd)[uPrd] + (L < R)
Oy = (uPrd] [uPLd) + (L < R) Vi = (ut~*Prd)[ut*Prd| + (L < R)
= (u

T M.L. Graesser
JHEP 08 (2017) 099.
a
= SU(3) generators V. Cirigliano et. al.,
JHEP 12 (2018) 097.

Patrick Oare, MIT


https://link.springer.com/article/10.1007/jhep12(2018)097
https://arxiv.org/abs/1606.04549

Extracting (pp | H;|nn) %

e The short-distance ME is (pp| H;|nn); it can be extracted from the correlator:

Ci(th) — Z <OPP(Y7t)Hi(X77_)OIm(Z7 O)>

Y7X7Z

Wall source Point sink

Patrick Oare, MIT 12



Extracting (pp | H;|nn) %

e The short-distance ME is (pp| H;|nn); it can be extracted from the correlator:

Ci(th) — Z <OPP(Y7t)Hi(X77_)OIm(Z7 O)>

C;(t,
Y. X,Z Rz(t7 7_) _ ( T)

C(2)
ILTLELT

> 2mpp (pp| Hi|nn)

Wall source Point sink
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Extracting (pp | H;|nn) %

e The short-distance ME is (pp| H;|nn); it can be extracted from the correlator:

Ci(th) — Z <OPP(Y7t)Hi(X77_)OIm(Z7 O)>

Y. X,Z RZ (t’ 7_) _ CZ (ty 7-)

C(2)
ILTLELT

> 2mpp (pp| Hi|nn)

e it R(z,7) with model:

f(t,7) = A+ Be % 4 Ce 007
\ A corresponds with
2mpp<PP | H; | nn).

Patrick Oare, MIT 12

Wall source Point sink



Fits to R(t,7) (scalar)

0.0005 -

' 0.0000{
o~ i

-0.0005 -

-0.0010

Shaded band = 2m,,, (pp|Ok |nn)

-0.002 -
-0.004 -

—_0.006 -

aw

-0.008 -

-0.010 1

-0.012
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a =
0.0054 ¢ ® Q &= —
]
-0.010- )
1 )
= 20.015 -
-0.020 -
. . -0.025 . . . . .
8 10 12 14 4 6 8 10 12
{1 — T {1 — T
''''''''''''''''''''''' s & o
-0.001 - 1 i )’ ¢
_ -0.002- J %
> ¢
as -0.003 -
-0.004 - i
00053 4 6 8 10 12 14

- XK

O 00 g OO

p—t et e el el el
QU = W N = O

ek
Qo



|Preliminary| Short-distance results %

o All operators will be renormalized in MS at 3 GeV.

> Renormalization coefficients for the scalar operators are computed; vector

operator renormalization calculation ongoing.

Patrick Oare, MIT 14



|Preliminary| Short-distance results %

o All operators will be renormalized in MS at 3 GeV.

> Renormalization coefficients for the scalar operators are computed; vector

operator renormalization calculation ongoing.

e Uncertainties (X) for all matrix elements still being quantified, ~ 10 — 20 % .

e Scalar operators (renormalized, units in 1072 GeV*):

Hfé Ol 01’ 02 02/ (93
(pp|H;|nn) | -0.1(X) -1.5(X) -1.5(X) -0.5(X) -3.1(X) A

 Vector operators (bare, units in 1072 GeV*):

H; V1 Vo V3 Z1
op i) | -1(X) 02(X) -02(X) -0.4(X) A

Patrick Oare, MIT 14




:
e

e We have presented preliminary results for the long- and short-distance
0

Conclusion

contributions to the n’n® — p*pte~e™ decay.
> First LQCD calculation of Ovff decay in a nuclear system.

> Many systematics (fits, renormalization) still under investigation.

> Final matrix elements will be matched to #EFT.

Patrick Oare, MIT
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:
e

* We have presented preliminary results for the long- and short-distance
0

Conclusion

contributions to the n’n” - p*tpte~e™ decay.
> First LQCD calculation of Ovff decay in a nuclear system.

> Many systematics (fits, renormalization) still under investigation.

> Final matrix elements will be matched to #EFT.

D. Murphy P. Shanahan

W. Detmold

Patrick Oare, MIT 15
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Stability plots for M"Y

Patrick Oare, MIT
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Long-distance crosschecks :

0.03219 o — i Summation Method
| (linear)
0.030 - | T v Summation Method
¢ I - (linear + exponential)
l
0.028 - T ™ ¢ i [) Summation-method average
| & (AIC weight)
1 L KT T ol T I Global-fit average
N 0.026 _-_{ o ﬁ’_-. ® : (AIC weights)
| L :
< ¢ I ? ¢ o | Global-fit average
~ 0.0247 L - 18| $ i & (uniform weights)
Qjﬁ 1-U1IT | 3 Sequential fitting
0.022 - } L4 T : strategy
9 |
l
l
0.020 - L 7L [ X I
— l
0.018 - i
l - .
l

Patrick Oare, MIT 18



Nuclear Matrix Elements (NMEs)

. . Different many-body models
 Theoretical inputs necessary to

7 /1 1 l | E— |
Z e
understand Ovff decay are NMEs: [ | @ EDFNR /e e ©
/ °T' | & BM-=2 o o
<N | O ‘N) (4 oPAcH | 7 m S .
51 | v QRPA-Jy m
|+ QRPA-TU | & @ ®
B X SM'MI ‘ \ 4 O .
Daughter Mediating operator Parent = 4: * SMStMdTK . ® M .
. < 3Fm - \ 4 < 4 ’
e Current estimates of NMEs are . .
. '_. * % ¥ ¥ -
computed using many-body 2C o X
. i A
nuclear physics. 1H¥
0- | | | | 1 | | | | |
48 76 82 96 100 116 124130136 150
A

Large model-dependent uncertainties

Patrick Oare, MIT



Previous studies

e Previous LQCD 0vpf decay studies have focused on extracting the = — n7e e™

transition amplitude.

X.Y. Tuo et. al., W. Detmold, D. Murphy,
Phys. Rev. D 100, 094511 (2019). hep-lat /2004.07404 (2020).
A. Nicholson et. al., W. Detmold et. al.,
Phys. Rev. Lett. 121 (2018) 17, 172501. Phys. Rev. D 107, 094501 (2023).

> Mesonic system = simple enough for controlled continuum extrapolation.

> 1~ — e~ e~ matrix elements are necessary input to nuclear EFTSs.

Patrick Oare, MIT
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Neutrino propagator :

o T'he neutrino mass my; directly gives a measure ot lepton-number violation:

0
1 +m 1
— ‘ﬁ; 626 r Mag > — mﬁﬁsu(pQ)
p—mpgg P — My, .
— S,(z—) : 1
v L — — ]
Y P (LU — y)2 (massless scalar propagator)

e The finite-volume neutrino propagator S, is singular as x — y and is regulated

by subtracting the zero-mode contribution:

1 Z
™m €
m[ggS,/(z, 7') — bb e_‘qHT‘ 7. Davoudi, S. Kadam.
2L3 | q‘ hep-lat /2012.02083 (2020)
q70

Patrick Oare, MIT 21


https://arxiv.org/abs/2012.02083

° Ov 5
Extracting M .

e Extracting MY on the lattice requires Computing the following 4-point function:

Calty st ty,t-) ZS z — y)las(Opp(ts)Ja (@) J5(y) O, ()

e MY can be expressed as an mtegral over the operator separation time v:

t L_
MY = Qmpp/ dv R(v) R(v) = lim lim Calts, 0,0, 8-)
R ty —o00t_——00 CQ( 4+ t_)

Patrick Oare, MIT 29



Correlation function data

®
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— = = = © 00 ~J O U W

~ N~ X
o

o)
-

109-8-76-5-4-3-2-101 2345678 910
Patrick Oare, MIT (9,
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Extracting R(v)

e Fixcited state contamination from sink > contamination from source.

Below: C,/C, ratio for v =1, as
a function of Ag,..

™ g TN T8 - A, =3
S 7 B Agc=4 S 7l A =4
— Bl A =5 i { Bl A, =5
X 6. - v - A, =6 X 610 N

A~ 5 ] Asnk:7 A~ 5 ' ] ASI‘C:7
| 1 ° _ | | i .
-~ |~ . I ignk—i w |~ bt I ism_z

i | * I snk — — | N src —

[N el B A =10 || I - 1 AL =10
Q.\ i ! ASnk =11 §,\ 4+ ‘ S I Asrc =11

< | ’ e A =12 < | e AL =12
T3 1= l

N O > O ¢

< AN

O O

3 45 6 7 8 9 1011 12

A snk

3 45 6 7 8 9 1011 12

A SI'C
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: R e
Extracting R(v) i

e Fixcited state contamination from sink > contamination from source.

e Model contamination from sink with
a function of Ag,.

functional form:

e

> s [ e A, =3
. /! — I | A, =5
Energy gap for 1st excited state X 61 RN
> Fits are performed with all data ~ 5 l = im:;
cut cut L~ 1 e
Agk = Ao, where AT € {1,2,...,6}. Sy | Aue =9
|| T ! { . - ASrc:10
> Different fits are combined in a weighted = | . P Age =11
. . o.\ \"j?) | e A =12
average using an AIC weight. Sl b
1 0 o
Wf X — e“Mp X O e
g 3 4 5 6 7 &8 9 10 11 12
Ry (v) W. Jay, E. Neil. A
Patrick Oare, MIT Phys. Rev. D 103, 114502 (2021). snk 24



Extracting R(v)

e Fixcited state contamination from sink > contamination from source.

e Model contamination from sink with

functional form:
Yo

f(v, Asnk) = R(v) + A(v) exp (=0 FE Agnik) |c>
S —

X
» Fits are performed with all data

Ay = A%, where A € {1,2,...,6}.

snk’

Energy gap for 1st excited state

» Different fits are combined in a weighted

average using an AIC weight.

Below: C,/C, ratio for v =1, as
a function of Ag,.

1

2
YRy (v)

waC

Patrick Oare, MIT

€2np—X2

C4(t_|_,(),’U:1,t_)
Co(ty —t-)

W. Jay, E. Neil.
Phys. Rev. D 103, 114502 (2021).

3 45 6 7 8 9 1011 12

A snk

:
e

\

v

Age =3
Ay =4
Age =05
Age=06
Nge =17
Age =38
Age =9
Age =10
Ay =11
Age =12
R(v=1)
Ex. Fit

24



R(v) (sequential fit)

]
1072 —
R —
I N
~ |
<5 [+ L
| I
J: J T AL =9
- \510—3; AL =10
S O A =11
{ e A =12
{ ol A, —13
. . . . . . . . . . . Bl R(v)
0 1 2 3 4 O 0 [ 3 9 10 B Tit to R(v)
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Fits to R(t,7) (vector)
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Q?H 0.0000
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jéﬂiiiiii*
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Four-point function contractions

Ca(ty,ty,ty, 1) ZS x —Y)Lap(Opp(t4)Ja(z )J@(y)ij(t_»
d u
d u
Wall source Point sink

Patrick Oare, MIT

:
e
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Four-point function contractions

04(t+7t$vty7t ZS L =Y Opp(t+)J (2 )J@(y)ij(t_»
d
u
S (X)
d
u
Wall source Point operator Point sink

Patrick Oare, MIT

:
e

27



Four-point function contractions

Ca(ty,ty,ty, 1) ZS =) ap(Opy(t) Ja()Ja(y) O}, (1))
d .
n SD 7
\‘\
S (X)
d
u
Wall source Point operator Point sink

Patrick Oare, MIT

:
e
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Four-point function contractions

04(t+7t$vty7t ZS L =Y Opp(t+)J ( )Jﬁ( )OT (t—)>

Wall source Point operator  Point operator Point sink

Patrick Oare, MIT
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Four-point function contractions

04(t+7t$vty7t ZS L =Y Opp(t+)J ( )Jﬁ( )OT (t—)>

Wall source Point operator  Point operator Point sink
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Four-point function contractions

04(t+7t$vty7t ZS L =Y Opp(t+)J ( )Jﬁ( )OT (t—)>

Wall source Point operator  Point operator Point sink

Patrick Oare, MIT
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Four-point function contractions

04(t+7t$vty7t ZS L =Y Opp(t+)J ( )Jﬁ( )OT (t—)>

Wall source Point operator  Point operator Point sink

[— —— [— ]

A v A
Patrick Oare, MIT STC snk

:
e

27



Four-point function contractions

04(t+7t$vty7t ZS L =Y Opp(t+)J ( )Jﬁ( )OT (t—)>

Wall source Point operator  Point operator Point sink
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Renormalization

e Renormalize matrix elements in MS at 3 GeV.

e Compute in RI/sMOM scheme and
perturbatively match to MS.

e Operators with the same quantum numbers

mix under renormalization.

> Vector operators and scalar operators

renormalize separately. For the scalars:

OMS(z; 42, a) = ZMS (12, a) OF (25 a)

Patrick Oare, MIT
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Renormalization

e Renormalize matrix elements in MS at 3 GeV.

e Compute in RI/sMOM scheme and
perturbatively match to MS.

e Operators with the same quantum numbers

mix under renormalization.

> Vector operators and scalar operators

renormalize separately. For the scalars:

O (5 p°,a) =|Z° (0, a)| O

Patrick Oare, MIT

P. A. Boyle et. al.,
JHEP 10, 054 (2017).

With chiral symmetry:

Diagonals: order 1 numbers

Off-diagonals: small
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Renormalization

e Renormalize matrix elements in MS at 3 GeV. Without chiral symmetry:

Diagonals: order 1 numbers

e Compute in RI/sMOM scheme and Off-diagonals: small
perturbatively match to MS. ok k%
e Operators with the same quantum numbers b oo
mix under renormalization.
% %k %
> Vector operators and scalar operators O

renormalize separately. For the scalars:

O (s 12, ) =| 235 (4, 0)| O, (z; a)
Chirally disallowed

components « scale ot

pa

explicit chiral sym. breaking

Patrick Oare, MIT 28
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Renormalization

Without chiral symmetry:

e Renormalize matrix elements in MS at 3 GeV.
Diagonals: order 1 numbers

e Compute in RI/sMOM scheme and Off-diagonals: small
perturbatively match to MS. ok k%
e Operators with the same quantum numbers b oo
mix under renormalization.
% %k %
> Vector operators and scalar operators O

renormalize separately. For the scalars:
O™ (w5 41%, a) =|Z3° (1%, 0)| O) (25 0)

o Z,? computed for the scalar operators. Vector operators still

pa

Chirally disallowed

components « scale ot

ongoing (computing perturbative matching coefficients). explicit chiral sym. breaking
Patrick Oare, MIT 28
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RI/sMOM scheme %

e Renormalization condition at scale u: For an operator with n — 1 quark fields,
impose that its renormalized, amputated n-point function equals its tree level

value at kinematical point pl2 = p22 = (p, — p)* = u*.

o Example: vector current V,(x) = qgx)y,q(x):

—1 B

() (=) (=)

2

—> Allows us to solve for Z factors!

Patrick Oare, MIT 29



RI/sMOM details %

e RI/sMOM renormalization coefficients computed from the following correlation

functions

(G (g3 a,my) = —Z Z 0=t Pr Pt 20000 | @0 )ul(43) 0, ()P (x,)u(x,) | O)

(ADP7(q) = (S™Ep)S™ V(PG @S ™YV (D) (S ™o py),

F(qsa,mp) = (PY,%(A,)77(q; a,my)

l —
S(pra,mg) =— ), e"“H0]g(07(y)|0) \

V
X,y
Patrick Oare, MIT 30

Projectors onto tree-level structure of A



Matching to MS

e Must match to a scheme useful for phenomenology: MS

RI/sMOM M MS
Match to MS at u, with
NS matching coeflicients
ZRI MS
(//t 1) a Zl] ('M 1) computed perturbatively
@ NLO in a,.
d lei Zk]
1Ly
Compute Z3' at some scale p, with
] y Z: (o) Ho
Agep K My K 7a = 2.64 GeV
Ve "\ = 2.65 GeV
Perturbative Minimize discretization artifacts

Patrick Oare, MIT 31



Scalar renormalization coetficients

Or Os O3 o4

1.052858(50)  —0.053108(43) —0.030135(27) —0.022902(46)
0.0009582(80)  1.149495(86)  0.0087372(66) —0.121115(95)
—0.15173(13)  0.051102(41)  1.012623(59)  0.012361(13)
—0.085598(83)  —0.17768(14) —0.012271(11)  1.233651(87)
0.0026951(82)  0.009634(41)  0.0046114(34)  0.023611(20)

Patrick Oare, MIT

Pas

O;

0.005743(11)
—0.036316(61)
0.040269(29)
0.009177(12)
1.139097(57)
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